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a b s t r a c t
At the Mont Terri Underground Research Laboratory (Switzerland), a ﬁeld-scale investigation has been
conducted inorder to investigate thehydro-mechanical andchemical perturbations induced in theargilla-
ceous formation by forced ventilation through a tunnel. This experiment has been selected to be used for
processing model development and validation in the international project DECOVALEX-2011. The con-
ceptual and mathematical representation of the engineered void, which itself forms a major part of the
experiment and is not simply a boundary condition, is the subject of this paper. A variety of approaches
havebeen examinedby the contributors toDECOVALEXand a summaryof their ﬁndings is presentedhere.
Two major aspects are discussed. Firstly, the approaches for the treatment of the surface condition at the
porous media/tunnel interface are examined, with two equivalent but differing formulations successfully
demonstrated. Secondly, approaches for representing the tunnel with associated air and water vapouront Terri Underground Research
aboratory (URL)
entilation experiment (VE)
rgillite
movement,whencoupledwith thehydro-mechanical (HM) representationof theporousmedium, are also
examined. It is clearly demonstrated that, for the experimental conditions of the ventilation experiment
(VE) that abstracted physical and empiricalmodels of the tunnel, can be used successfully to represent the
hydraulic behaviour of the tunnel and the hydraulic interaction between the tunnel and the surrounding
rock mass.
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. Introduction
The capability of a proponent of a radioactive waste disposal
acility in a deep geological formation to demonstrate short- and
ong-term environmental safety is controlled, to a large extent, by
he ability to exhibit a good fundamental understanding of the
volution of the system under construction, disposal and closure
onditions. Demonstration and development of such an under-
tanding is not a trivial task and by necessity involves experimental∗ Corresponding author. Tel.: +44 01925 885951.
E-mail address: alexbond@quintessa.org (A. Bond).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
674-7755 © 2013 Institute of Rock and Soil Mechanics, Chinese Academy of
ciences. Production and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jrmge.2013.02.002
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nvestigations which are conducted both in the ﬁeld as well as
n devoted underground research laboratories (URLs). The use of
hysical models and computer codes that describe and predict
he outcomes of such experiments are critical in building con-
dence that those experimental results can be understood and
xtrapolated to the spatial and temporal scales required in a
ull disposal system. Among different possible host rocks, clay-
tone is being investigated by several countries. In Switzerland,
he Mont Terri URL was created in 1995 in the Opalinus clay,
n argillite formation, in order to characterise and study the
eological, hydrogeological, geochemical, and geotechnical prop-
rties of this potential host rock. Of the many experiments at the
RL, the ventilation experiment (VE) has been carried out in a
icro-tunnel to study the processes which may occur due to the
ontrolled ventilation of excavated structures, during the construc-
ion and operational phases of the repository. In particular, the
ater desaturation is expected to change the hydro-mechanicalHM) behaviour of the rock, thus inﬂuencing the potential perfor-
ance and safety of a repository based on similar design concepts.
One task of the international project DECOVALEX-2011 relates
o predicting phenomena observed during this experiment. The
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Fig. 1. Location of the micro-tunnel in Mont Terri.
ask was composed of two broad components. A preliminary
ask considered modelling a laboratory drying test, in order to
valuate the ability of the computer codes to reproduce the main
henomena involved in theVE, and to identifyaﬁrst setofhydraulic
arameters relevant to the Opalinus clay. Then in the second part
f the task, the three different phases of the VE itself have been
imulated: a ﬁrst period (Phase 0) following the excavation of the
icro-tunnel in 1999, up to the installation of doors that allow
ontrolled ventilation of a portion of the micro-tunnel, and then a
ingle resaturation–drying cycle (Phase 1) ﬁnished in January 2004.
hiswas then followedby further desaturation–resaturation cycles
o the end of 2010, although data were only made available for this
nalysis (both descriptive and predictive) from May 2003 to April
007. This paper considers the issues surrounding the hydraulic
nteraction of the rock mass and the tunnel itself.
The basic conceptual model and relevant data are discussed in
ections 2 and 3. Section 4 discusses the techniques used to repre-
ent the surface condition for the drying test and VE, while Section
examines the different approaches to modelling the tunnel itself,
iven that for the purposes of this experiment, the tunnel was con-
idered to be part of the experiment and not simply a prescribed
oundary condition. Concluding remarks and other observations
re given in Section 6.
Contributions to the modelling work presented in this paper
ere made by individuals from Quintessa Ltd., Commissariat à
’Énergie Atomiqueet aux énergies alternatives (CEA), Japanese
tomic Energy Agency (JAEA) and Chinese Academy of Sciences
CAS).
. VE in Mont Terri URL
.1. Short description
The Mont Terri URL is located near a security gallery of a motor-
ay tunnel in northern Switzerland (Bossart andNussbaum, 2007).
t is at a depth of about 400m in Opalinus clay, which is a stiff
ayered Mesozoic clay of marine origin. Initially opened to experi-
ents in 1996, a new gallery was excavated in 1998, followed by a
.3m diameter micro-tunnel in early 1999. A 10m long section of
his micro-tunnel was used for the VE as shown in Fig. 1.
After excavation, the micro-tunnel was left without atmo-
pheric control for approximately 3.4 years. After this period, doors
ere installed in order to create a section of 10m in length, where
he atmospheric conditions could be controlled through a pre-
cribed air inﬂow rate and inﬂowing relative humidity (RH) (Fig. 2).
ppropriate monitoring inside the tunnel and rock wall enabled
ccurate picture of the conditions in and around the tunnel to be
stablished (Garitte et al., 2013). The micro-tunnel has been inten-
ively instrumented with RH sensors, pore pressure sensors and
isplacements sensors. Twowaterpanshavebeen installed inorder Fig. 2. Controlled ventilation section in the micro-tunnel, and relative humidity
easurement locations.
o record the evolution of water mass loss due to the ventilation.
heir locations are indicated in Fig. 2. The variation of the RH with
ime, at different points along the micro-tunnel, is shown in Fig. 3.
The micro-tunnel was subjected to two wetting-drying cycles.
he ﬁrst cycle lasted from 8 July 2002 to 29 January 2004 (Phase 1).
nitially 100% RH inﬂowing air wetted the micro-tunnel and then
rovoked a desaturation period, 2% RH air was applied to the tun-
el inﬂow. This ﬁrst cycle was then followed by a further cycle,
nd a ﬁnal resaturation period which continued until 2010 (Phase
), although data were only available until April 2007. The corre-
ponding total sequence of prescribed RH is illustrated in Fig. 3
curve RH-in, in red).
.2. Summary of hydro-mechanical behaviour
The HM response of the system was described in detail by
aritte et al. (2013). However, in general terms the evolution of
he system can be described as follows, repeated from Bond et al.
2013):
1) A known rate of air with a deﬁned RH is input into the sealed
section of the tunnel.
2) Interaction between the water vapour in the tunnel and the09/04/1998 08/04/2001 07/04/2004 07/04/2007
Date
06/04/2010
ig. 3. Relative humidity history of the test section from Garitte et al. (2013).
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3) Water vapour leaves the tunnel via a measurement gauge for
RH and air rate. The difference between points 1 and 3 above
constitutes the tunnel water balance.
4) Loss of water from the host-rock to the tunnel as vapour causes
a reduction in water pressure and saturation as air invades the
formation from the host-rock.
5) The reduction in liquid pressure and RH around the tun-
nel causes liquid water and water vapour (where present) to
migrate towards the tunnel.
6) Desaturation and reduction in ﬂuid pressure cause reduction in
porevolumeand limited shrinkageof someof the rock skeleton,
causing a local net drop in volume of the host-rock.
7) The volume change of the host-rock causes localised stress
changes and coupling with the hydraulic evolution through
a reduction in porosity, which creates a coupling with ﬂuid
pressures and intrinsic permeability.
The processes described above are illustrated in Fig. 4. The dom-
nant process models and those which have been represented by
he modelling teams in DECOVALEX are therefore vapour diffusion
n and advection by, air in porous media and engineered volumes;
iscous dominated multi-phase ﬂow of air and water in porous
edia; and poro-mechanical deformation of the host-rock.
. Opalinus clay drying test
This complimentary experiment to the main VE has been
iscussed in some detail by Garitte et al. (2010, 2013), Floría
t al. (2002) and complemented by supporting data from Mun˜oz
t al. (2003). The experiment is illustrated schematically in Fig. 5,
owever, a brief summary follows. The drying test was a well con-
trained laboratory experiment where three cylindrical samples
f Opalinus clay (101mm in radius and 254mm in height) were
laced in a controlled drying chamber along with an evaporation
an, axial direction oriented vertically. Chamber RH and airﬂow
eremonitored continuously throughout the142-day experiment.
he sampleswere covered such that the upper circular surface only
ould lose water through evaporation. The samples and evapora-
ionpanwere alsoweighed continuously such thatwater loss could
e monitored. Samples were removed and dissected at 21, 99 and
42 days such that the water content proﬁle vertically from the
vaporation surface could be monitored.
o
o
kf the hydro-mechanical system.
From this combination of data, a continuous record ofwater loss
or each sample as a function of the chamber conditions could be
stablished, along with the sample water content proﬁles at 21, 99
nd 142 days.
As discussed in Garitte et al. (2013), this experiment was used
s a precursor modelling exercise by DECOVALEX in order to
educe uncertainty and build conﬁdence in codes, process models
nd hydraulic parameterisation before attempting the full VE. The
xperiment also provided a useful role in understanding the possi-
ilities for upscaling processes and parameters from the laboratory
cale to the ﬁeld scale.
. Treatment of the surface condition
Successful treatment of the surface condition in both the drying
est and the VE is manifestly important in ensuring a good rep-
esentation of the interface between the air ﬁlled void (tunnel or
rying chamber) and the porous medium. The drying test repre-
ented a controlled set of data where options were employed for
epresenting these conditions before attempting themore complex
E.
.1. Approaches
Two general approaches for deﬁning the liquid water boundary
ondition were utilised based on the available data and conceptual
nderstanding of the experiments. The ﬁrst used Kelvin’s law to
eﬁne an equivalent water pressure (pl) at the surface, representa-
ive of the air RH in the tunnel or drying chamber:
l = pa −
RT
Mw
l ln(RH) (1)
here pa is the air pressure (Pa), R is the ideal gas constant
Jmol−1 K−1), T is the temperature (K), Mw is the molar mass of
ater (kg/mol), l is the density of water (kg/m3), and RH is the
elative humidity in the air expressed as a fraction (–). This bound-
ry condition is bestdescribedas a time-variantDirichlet condition,
nd will be referred to as the “pressure” variant in the remainder
f this paper.
The second used an empirical relationship which correlated the
bserved open pan evaporation rate in each experiment (Ff(RH),
gm−2 s−1), versus the RH in tunnel or drying chamber. For each
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The drying test model consisted of a one-dimensional (1D)
cylindrical grid discretised in the axial (vertical) direction using
12 ﬁnite volume compartments (Fig. 6), a discretisation which
has been shown to be numerically sufﬁcient for accurateFig. 5. Schematic illustration of the dr
xperiment, a simple functional relationship was derived between
he two observations. Note that changes in air circulation rate,
hichmight be reasonably assumed to affect the local rate of evap-
ration,wereneglectedunder the assumption thatmixingof the air
as relatively rapid. The function was then scaled by the fractional
ffective area of the free liquid water assumed to be presented at
he rock surface. The assumption was that this fractional effective
rea could be described by the product of the porosity () andwater
aturation (Sw) at the top of the sample. Hence the effective water
oss ﬂux could be described as
e = SwXFf(RH) (2)
here X is a penalty coefﬁcient (–) that enables additional scal-
ng of the ﬂux based on additional factors that are not covered in
he fractional area term. Clearly, this formulation requires a good
stimate of the saturation at the evaporation surface to function
dequately. Dependent on themodel formulation, there are a num-
er of approaches that can be adopted to achieve this, the most
bvious being a high degree of spatial discretisation up to the evap-
ration surface. In mathematical terms, this type of condition is
weak form of “mixed” condition, whereby a time-variant Neu-
ann ﬂux (Ff(RH)) is scaled by properties internal to the model.
his boundary condition is best described as a time-variant Neu-
ann condition, and will be referred to as the “ﬂux” variant in the
emainder of this paper.
Both of these models assume that mixing in the tunnel is rela-
ively rapid compared with the loss from the porous medium, and
ence there is no need to consider any boundary layer effects.
Fornumerical formulationswhere thewatervapourwasconsid-
red explicitly (Garitte et al., 2013; Zhang et al., 2013), the surface
oundary condition for vapour was simply water vapour diffusion
ontinuity equation using the RH in the tunnel or drying cham-
er to deﬁne the water vapour density as a time-variant Dirichlet
ondition, thus we have
v = 10−3 exp
(
a− b
T
)
RH (3)here v is the vapour density (kg/m3), a is an empirical constant
−19.891), and b is an empirical constant (4975.9K) (Rutqvist et al.,
999).est, modiﬁed from Floría et al. (2002).
.2. Comparison for the drying test
The relative behaviours of the two approaches were investi-
ated by a number of DECOVALEX participants for the drying test.
s a representativeexampleof thedrying test, themodeldeveloped
sing QPAC (Maul et al., 2010) will be discussed here in detail.Fig. 6. Drying test QPAC grid. Volumes are coloured by centroid elevation.
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Fig. 7. Comparison of calculated water contents for the three samples in the drying
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00est versus the calculated QPAC results using the pressure based upper boundary
ondition.
epresentation of this case. All boundaries were set as non-ﬂow,
xcept for the top boundary where one of the two boundary con-
itions described in the previous section could be applied. Full
ulti-phase ﬂow, incorporating water, air and water vapour, was
mployed and the constitutive equations for gases (g consisting of
gas phases) and water (w) overall ﬂowing phases (i) are given
elow:
∂
∂t
(iSi) = −∇ · (iui) + qi
ui = −
ki
i
∇(pi + igz)
ki = kr,iSik
 = pgj − pw
⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭
(4)
here subscript i denotes the phase, i is the density (kg/m3), ui
s the volumetric ﬂux (m/s), qi is an external mass source (kg/s), Si
s the saturation (–), ki is the intrinsic permeability (m2), kr,i is the
elative permeability (–),  is the capillary pressure (Pa), and z is
he elevation.
The vapour mass ﬂuxes (kg s−1 m−2) for diffusion and advection
n bulk gas are
uv,diff = −DvSg∇v
uv,adv = ugv
}
(5)
here Dv is the effective diffusivity of water vapour (m2/s), which
s assumed to be a function of bulk gas saturation. For this case, the
ffective vapour diffusivity was assumed to be the gas saturated
ffective vapour diffusivity multiplied by the total gas saturation.
The referencemodel used thepressureboundary conditionvari-
nt and produced results that were a good ﬁt to the observed water
ontents, taking into account heterogeneity between the samples
Fig. 7). The parameterisation is given in Table 1.
The equivalent outputs for the calculation using the speciﬁed
ux upper boundary condition are shown in Fig. 8 using a penalty
actor X (Eq. (2)) of 1 and an implied free evaporation rate at zero
H (Ff(RH=0)) of 1.1 gd−1 cm−2, reducing linearly to zero at a RH
f 100%. While there are some small differences, the basic result
s equivalent. Simple parametric sensitivity studies showed that Ta
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Fig. 8. Comparison of calculated water contents for the three samples in the dry-
ing test versus the calculated QPAC results using the ﬂux based upper boundary
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tondition.
unctionally identical results can be produced with only minor
djustments to the parameterisation of intrinsic permeability, rela-
ive permeability or vapour diffusivity, all of which are well within
he accepted bounds of data uncertainty for this case. Unfortu-
ately, required brevity prohibits a full discussion of this parameter
pace search.
A key numerical point is that, in order for the ﬂux version of the
ase to work adequately, estimation of the water saturation at the
pper surface of the sample needs to be accurate. Because a ﬁnite
olume approximation was adopted in this case, primary variables
re calculated at compartment centres; hence no water saturation
as calculated at the boundary. In this case, this was addressed
hrough estimating a boundary water saturation using the inferred
ater saturation proﬁle through the upper half of the model via
n automatic, dynamic high-order polynomial ﬁt, and using this
irectly in the water ﬂux calculation.
The required parameter changes to make one solution equiv-
lent to the other are sufﬁciently small relative to other
ncertainties, that thedifferencebetween the twoboundary condi-
ion approaches is effectively negligible for the drying experiment.
owever, it is recognised that this congruence of approaches may
ot generally be true, and caution should be adopted in different
nvironments.
Depending on the assumptions made, this was not the case in
he full VE. The differences that can come about due to differing
ssumptions regarding the behaviour of the tunnel and the mean-
ng of the data are illustrated in Section 5 as they are intrinsically
inked to the treatment of the tunnel.
. Treatment of the VE tunnel
A key assumption in the interpretation of this experiment was
hat the tunnel was part of the experiment, and as such it was
trongly preferable for the RH to be dynamically calculated on the
asis of the interactions between the applied tunnel RH, air ﬂow
ate and the interaction with the rock mass.Three general classes of approachwere developed by the DECO-
ALEX participants to address the dynamic representation of the
unnel:
m
t
ob) the resultant correlation between average tunnel relative humidity and wall
elative humidity.
1) Empirical, correlated model.
2) Abstracted model, considering a simpliﬁed physical model of
the tunnel system.
3) Detailed model, where dynamic physical models of the air and
water vapour in the tunnel are considered.
The approach and selected results for each will be considered
n turn, noting that approach 1 is the manner in which the drying
est was treated. It should be noted that, as discussed in Garitte
t al. (2013), good agreement was achieved between the teams in
erms of their HM analysis, and as such it is possible to use the
esults obtained by different teams exploring different aspects of
he problem in a holistic to derive general conclusions for this case.
.1. Empirical and correlated models
The simplest approach adopted was to examine the available
ata regarding the tunnel average RH versus the expected RH at
he tunnel wall. This approach is necessary as it is clear that the
agnitudeof this variationwill strongly control thewater loss from
he tunnelwall. Given the likely vapour dominated diffusive nature
f the tunnel (Section 3), as could be reasonably expected, a good
A. Bond et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 85–96 91
c
F
t
i
s
c
d
s
u
i
o
w
b
t
m
M
m
t
T
b
t
5
a
w
c
h
i
o
t
i
m
a
m
a
c
d
Fig. 11. Calculated mass balance versus experimental data for the CEA model,
comparing the “pressure” and “ﬂux” based approach for the tunnel liquid water
b
t
o
t
a
5
t
m
ﬂ
n
e
m
r
t
a
s
u
t
f
m
d
t
p
t
d
i
t
r
S
a
d
RFig. 10. Extrapolated tunnel wall relative humidity for Phases 0, 1 and 2.
orrelation can be obtained between these properties as shown in
ig. 9 and those developed by the JAEA team.
This functional form could then be used in place of the average
unnel RH to act as the boundary condition on the tunnelwall using
nformation on tunnel average RH. This was the case during the
econd wetting/drying phase (Phase 2) and the resultant tunnel
ondition is shown in Fig. 10.
This approach enables the modeller to better estimate wall con-
itions from average tunnel conditions, but it is clearly a highly
pecialised model. This approach is calibrated against this partic-
lar experiment and does not allow forward prediction given only
nformation on the inﬂowing tunnel RH and the air ﬂow rates.
Using a very similar approach to understanding the variation
f RH at the tunnel wall versus the humidity in the tunnel as a
hole, theCEAteammodiﬁed their case tomove fromthepressure-
ased boundary for liquid water to the ﬂux-based method, and
hus compared the relative consistency between the two boundary
odelling approaches. A full discussion of theCEAmodel is given in
illard et al. (2013). Fig. 11 illustrates the difference in calculated
ass balance during the Phase 1 period, clearly illustrating that
he “pressure” and “ﬂux” approaches given very similar responses.
he pressure and RH data show a similarly coherent response, a
ehaviour that is consistent with the observations for the drying
est calculations.
.2. Abstracted approach
In order to give a model of the tunnel that could be used in
more predictive manner, simpliﬁed models of the tunnel itself
ere constructed by a number of teams. This class of approach
onsiders the distribution of water vapour in the tunnel explicitly,
ence allowing for a simplemodel of themigration ofwater vapour
n the tunnel itself. Such a model allows the boundary conditions
f the model to be deﬁned as the inﬂow and outﬂow of air from the
unnel, rather than being the tunnel wall. The key simpliﬁcation
n these approaches is that the behaviour of the air is applied as a
odel input rather than being calculated.
The model using QPAC (Maul et al., 2010) is given here
s the principal example which utilises the general conceptual
odel that has been described in Sections 2 and 3. A numerical
pproach was developed that would enable the general pro-
esses of vapour migration to be modelled, given a range of
ifferent assumptions regarding the ﬂow patterns of the air in
m
m
i
toundary condition.
he tunnel. In this way, the impact of conceptual uncertainty
n the behaviour of the air (and its consequential impact on
he vapour) could be understood in terms of the measurements
vailable.
.2.1. Numerical model – Opalinus clay
The QPAC implementation considered two sub-systems: the
unnel and theporousmedium(Opalinus clay). Theporousmedium
odel considers coupledHMprocessesusing the samemulti-phase
ow formulation discussed in Section 4. The mechanical compo-
ent used in this example was a poro-elastic formulation with
ffective stress coupling through a simple Bishop effective stress
odel (Bishop, 1959). Changes in porosity through net volumet-
ic strain changes also gave rise to permeability changes through
he Kozensky relationship (Tables 1 and 2), which has been also
pplied to clay systems, while it is traditionally applied to open
oils and sands. System discretisation in the porous media was
sing a reclined, cylindrical grid which could be discretised arbi-
rarily in 1D, 2D or 3D. In all cases, the radial direction was always
ully discretised, using 45 compartments in an approximately geo-
etrically increasing grid size from the tunnel wall. In the angular
irection, half of the tunnel system is represented while the full
unnel length is selected for the thickness of the cylindrical com-
artments. Using these dimensions enables easy comparison with
he water balance data and allows the angular and tunnel length
irections to be discretised with only very minor changes to the
nput. Various analyses, not discussed further here, established that
his grid reﬁnement was appropriate, and that a 1D cylindrical rep-
esentationwas appropriate inmost cases, given the available data.
uch issues were discussed in more detail in Garitte et al. (2013)
nd Zhang et al. (2013). The input parameters, derived from the
rying test and subsequently calibrated using the observed tunnel
H information, are provided in Table 2 and an illustration of the
odel domain and grid was presented in Fig. 12. The default QPAC
odel used the “ﬂux” version of the surface condition for describ-
ng the liquid water interaction between the Opalinus clay and the
unnel.
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Table 2
Hydro-mechanical parameterisation for the QPAC model of the ventilation experiment.
Acceleration due to gravity,
g (m/s2)
Young’s modulus
(clay), E (GPa)
Poisson’s ratio
(clay), 
Viscosity (clay), 
(Pa s)
Failure mode (clay) Reference porosity
(clay), 0
9.812 1 0.3 0 (creep disabled) None – elastic only 0.165
Initial deviatoric stress
(atmosphere (bar))
Initial water
pressure
(atmosphere (bar))
Initial temperature
(◦C)
Reference water
density (kgm−3)
Reference water
pressure
(atmosphere (bar))
Relative
permeability air
kr,A
0 (all directions) Hydrostatic 15 1000 1 1
Relative permeability
water, kr,w
Intrinsic
permeability, k
Reference vapour
diffusivity, Dv (m2)
Suction pressure,
 (m2 s−1)
Initial water
saturation (MPa)
S(1/2)wr [1 − (1 − S(1/)wr )

]
2
where Swr is the reduced
saturation and  is a
ﬁtting parameter =0.3
k0[3/(1− )2]× [(1− 0)2/(0)3]
where
k0 = 1.125×10−19 m2
2.50×106 Determined by
constraint solution
to: 0 = Swr −
[1 + ( /P0)1/(1−)]
−
(1 −
 /Ps)]
s
where P0 = 3.9MPa,
=−0.08,
Ps = 700MPa,
s = 2.73
0.99999
Dry grain density, m (kg/m3) Effective pore
pressure (for
calculating
effective stress)
(MPa)
Phase 0: applied
RH
Phase 0: applied air
ﬂow rate (m3/h)
Tunnel free air
diffusivity (m2/s)
Maximum
evaporation rate Ff
(RH=0) (g/(d cm2))
2700 PwSnw + Pair(1 − Snw)
n=1
0.6 30 Axial: 2.50×10−5
Radial: 2.50×10−4
(included
artiﬁcially
enhanced
turbulent mixing
factor)
0.073, Ff reduces
linearly to zero at
RH=100%
F
c
ig. 12. Porousmediumgrid geometry for theQPAC calculations. 1D cylindrical compartm
ompartments have a deﬁned thickness (along the axis of the tunnel) of 10m, and henceents are coloured by radius and shown for theOpalinus clay only. The 1D cylindrical
represents an average behaviour along the length of the tunnel.
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Active zone (diffusion, dispersion and advection)
Assumed velocity distribution – calculate an advective velocity along the tunnel in each 
Standard vapour diffusion model with additional component to diffusivity 
representing dispersion/mixing
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(Passive zone (advection only) – can be zero sized
Fig. 13. Schematic illustration of the conce
.2.2. Numerical model – tunnel
The tunnel model was designed to accommodate the features
nduced by the interaction between air ﬂow and water vapour that
ight be reasonably expected to exist. These features were:
1) An “active” zone and a “passive” zone in the radial direction;
the active zone interacting with the tunnel wall and the pas-
sive zone not doing so (and hence not interacting with the
active zone), only transporting the vapour associated with the
injected air. The passive zone may be zero-sized.
2) Watervapourmigration in theactive zone isdiffusiveboth radi-
ally and axially with an advective component along the axis of
the tunnel caused by the local air velocity.
3) Any impact of turbulent mixing of the air can be considered
throughenhanced radialdiffusion, acting tomorequicklyequil-
ibrate water vapour radially in the tunnel.
4) A velocity distribution for air parallel to the tunnel axis may be
deﬁned locally.
5) Interaction between the outer tunnel and the porous media
through evaporation of liquid water and vapour diffusion.
The primary objective of including such features was to allow
he impact of the uncertainty in the above conceptual and para-
etric uncertainty to be explored in a single model, and hence to
eliver a more predictive model with a good understanding of the
ikely errors that might be produced from the assumptions on the
etailed air ﬂow. This model is illustrated in Fig. 13.
The numerical implementation is extremely simple, consisting
f amass balance ofwater vapour in each compartment andmigra-
ion through diffusion in air and advection by air using Eq. (5).
iscretisation was set to be consistent with the axial and angular
iscretisation in the porous medium sub-system. Radial discreti-
ation was 6 compartments with the outer compartment 5 cm in
epth and the remainder uniformly10 cm in thickness to the centre
f the tunnel.
Interaction between the tunnel and the porous media was
hrough local coupling of the boundary equations for evapora-
ion of water (Eq. (2)) and continuity of water vapour (Eq. (3)).
oupling was achieved through using the RH and water vapour
ensity calculated in tunnel compartments adjacent to the tun-
el wall to deﬁne the ﬂuxes in the boundary equations. The water
n
t
icontrol volume
model for QPAC abstracted tunnel model.
nd water vapour ﬂuxes are then conserved between the two sub-
ystems. It should benoted that the couplingmechanismemployed
sed a fully implicit scheme such that both the tunnel and porous
ediaHMequationswere solved as a single set of equations, rather
han using some form of operator splitting or sequential coupling
ethod. In this context, the implementation of Eqs. (2) and (3) is
o longer boundary conditions, but internal continuity equations
f a different form to those used in the sub-systems (either side of
he connection).
Boundary conditions on the tunnel model consist of simple
dvective ﬂows of water vapour at the inﬂow and outﬂow ends.
onsistent with the formulation in the tunnel model, the advective
ows on the boundaries are upwinded, hence the inﬂow of water
apour is the product of the experimentally applied vapour density
from RH) and the air ﬂow rate. Similarly, at the outﬂow end of the
unnel, the rate loss of vapour is given by the product of the calcu-
ated water vapour density in the upwind adjacent compartment
o the boundary and the air ﬂow rate.
Given that the reference model used a simple 1D discretisation,
he whole 10m length of the tunnel and circumference was repre-
ented using a single compartment. Investigations on the impact of
he tunnel and host rock being discretised along the length of the
unnel are discussed in the following sections.
.2.3. Calibration and reference results
A range of sensitivity analyses were conducted on the param-
terisation of vapour migration and air movement in the tunnel.
he ﬁrst major conclusion was that in order for the observations
n tunnel inﬂow/outﬂow mass balance and interaction with the
ost-rock to be consistent with the known water content data in
he Opalinus clay, the whole tunnel had to be contributing signif-
cantly, i.e. there could be no “passive zone”. Such an observation
s consistent with the small tunnel radius and relatively slow air-
ow rates through the tunnel. The second major conclusion was
hat there was relatively little sensitivity to the radial velocity dis-
ribution and the inclusion or exclusion of enhanced radial mixing
turbulence) in the model.The comparison between the observed average RH in the tun-
el and the calculated values (see Fig. 14) are extremely close
hroughout the experiment. The results clearly show very sim-
lar magnitudes and transient behaviours even during the rapid
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dig. 14. Comparison between the calculated and observed relative humidity of air
n the experimental tunnel.
hanges in 2006. There was clearly a deviation between the curves
t the end of 2006 and during 2007, but this appears to come
bout due to erroneous or missing data. Similarly, good results
ere obtained for total mass balance (Fig. 15), RH, water con-
ent in the rock mass and rockmass dimensional change with time
Fig. 16) (Garitte et al., 2013; Zhang et al., 2013). The bulk water
ass balance shows the calculated results tracking the experi-
ental estimates well with time. It is noted however that while
he model shows similar drying rates during Phases 1 and 2, the
xperimental data may suggest a slower response during Phase
, although the deviation is within the bounds of data uncertainty,
nd hence cannot be positively isolated as a trend. If presented, this
rendmight be indicative of a bulk reduction in intrinsic permeabil-
ty with time, potentially associated with healing of rock damage
hrough creep.
The modelled mechanical evolution versus observations for
hase 1 is illustrated in Fig. 16. The experimental data showed con-
iderable variation, although not apparently structured variation,
nd hence for the 1D case used here, comparison is made versus
he data of B47, which exhibited a reasonable median behaviour
f the available data. The model results show the initial expansion
f the rock mass through tunnel construction, and then progres-
ive contraction through Phase 0 (for which we have no data) as
rying takes place. The wetting-drying cycle during Phase 1 is well
ig. 15. Comparison between the calculated and observed water balance in the
entilation experiment tunnel.
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dig. 16. Comparison between the calculated and observed relative displacements
uring Phases 0 and 1.
aptured in terms of the expansion and contraction of the exten-
iometers. It should be noted that the elastic modulus used for the
odel is towards the lower end of expected intact rock values, and
hismaybe indicative of the effects of damage, or alternatively, that
he poro-elastic model needs to subsume other processes, such as
lay swelling, which will exaggerate dimensional change.
.2.4. Pressure-based surface condition
To test the conclusion of Section 4 that the sensitivity of the
odel result is small with respect to the choice of the type of sur-
ace boundary applied, the model described in the previous section
as adjusted to use the pressure-based surface formulation. The
esult was quite striking. Early-time results were very similar, con-
istentwith theCEA results in Section 4.However, during themajor
rying component of Phase 2, the drying effect ismagniﬁed, result-
ng in a peak loss of 1300kg of water (compare with about 1100kg
hown in Fig. 15. It appears that under strong drying conditions,
he pressure formulation was exerting a much greater control.
However, resolving this discrepancy could be readily achieved
hrough one of two methods either:
1) Scaling intrinsic permeability by a factor of 3/4 and changing
the  factor in the relative permeability formulation (Table 2)
from 0.35 to 0.3;
2) Eliminating the enhanced lateral turbulent mixing in the tun-
nel to induce vapour density gradients across the tunnel radius
(Figs. 17 and 18).
Figs. 17 and 18 show that the deviation of the wall RH from
he average tunnel RH is quite small, even under strongly drying
onditions. Neither change is especially large and is covered by the
onceptual and parameter uncertainty inherent in the data model.
The conclusion must be that for the VE formulation, the
ressure-basedapproach for the surface condition ismore sensitive
o the assumptions, regarding the distribution of water vapour in
he tunnel than the ﬂux-based approach. However, small changes
n theparameterisationof theporousmedia canovercome this sen-
itivity relative to the ﬂux-based formulation. Unless additional
ata can constrain the characteristics of the system further from
his analysis, it must be concluded that the assumptions of the
etails of the behaviour of the tunnel with regard to water vapour
istribution are of secondary importance in this system.
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Fig. 17. Comparison between the average and wall relative humidity calculated
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Fig. 19. Plot of average relative humidity across the tunnel with different distances
along the tunnel axis from the air inlet, at 1m, 5m and 9m.
F
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an the QPAC tunnel model when using the pressure formulation for the surface
oundary and no enhanced radial mixing. The times for the relative humidity plots
n the tunnel shown in this ﬁgure are highlighted by spots on the x-axis.
.2.5. Discretisation along the tunnel axis
In order to test the assumption, treating the tunnel andOpalinus
lay with a single compartment in the tunnel axial direction was
ppropriate to understand the modelled variation of RH along the
xis of the tunnel, and the reference casewas divided into ﬁve com-
artments axially. The average RH at each distance along the axis
f the tunnel and the results are plotted together with the applied
H. In addition, comparisonwasmadebetween the estimatedmass
alance from the outﬂowing water vapour and that produced from
he 1D calculation.
The computed mass balance is visually indistinguishable from
ig. 15, and as such is not discussed further. The variation along the
unnel is shown in Fig. 19. The difference between the upstream
nddownstreamrelativehumidities isof theorderof10–15%under
trongly drying conditions, which is similar to the variation along
he tunnel shown in the experimental observations (Fig. 20). The
odel shows slightly less variation thanobservedby the inﬂowand
utﬂow data, especially at early times. But this can be understood
y noting that the evaluation points in the model are 1m away
rom the ends of the tunnel, and hence the full variation cannot be
aptured.
Given the similarity in results between the 1D and 2D cases, the
odel reproduces the observed variation in RH along the axis of
he tunnel. It appears that this abstracted approach gives a good
ig. 18. Relative humidity across the tunnel (shown as a half model) on 8 July 2002
left) and 1 November 2003 (right), showing the relative small amount of relative
umidity change across the tunnel with no enhanced radial water vapour mixing.
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tig. 20. Plot of average relative humidity along the tunnel at 1m and 9m from the
ir injection, in comparison with the inﬂow and outﬂow relative humidity data.
epresentation of the tunnel for understanding the hydraulic mass
alance of the system, and as a more complete “boundary” to the
orous medium HM model.
.3. Detailed approach
The ﬁnal approach involved making a more complete physical
ssessment of the system,whichwas adopted by CAS. A continuum
uid dynamics (CFD) analysis was adopted whereby the details of
he injectionandextractionof air intoa simpliﬁed representationof
he tunnel to calculate an air velocity distribution were presented.
nitial results showed that while the air ﬂow was dominantly lam-
nar, the ﬂow pattern was quite sensitive to the placement of the
njection and extraction points, implying that air ﬂow patterns in
he tunnel are likely subjected to change through time as changes
o the internal geometry of the tunnel were made (Fig. 21).
ig. 21. Air ﬂow velocity pattern for two slightly different geometrical conﬁgura-
ions of the ventilation experiment tunnel.
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and non-radioactive contaminated land management and provides technical sup-
port to a range of geological industries. Alexander Bond is presently employed as a6 A. Bond et al. / Journal of Rock Mechanics
It is difﬁcult to draw conclusions from this analysis with regard
o the abstracted model approach, as the model shown above does
nclude thewater vapourmigration and couplingwith theOpalinus
lay. However, it might suggest that the marginally preferred con-
guration of reduced radial mixing through a lack of turbulence in
he tunnel, when using the abstractedmodel, might be appropriate
n this case.
. Conclusions
One of the key elements of a porous medium drying analysis
s the treatment of the surface condition. Furthermore, if genuine
redictions are tobemadeon theHMevolutionof theporousmedia
n an argillaceous geological radioactivewaste disposal facility, this
nderstanding of the surface condition needs to be coupled with
n appropriate treatment of the tunnel itself.
The work presented in this paper has shown that for the Mont
erri VE, multiple approaches to model the tunnel and the surface
ondition can be successful. Flux-based and pressure-based meth-
ds for representing evaporation of liquid water were found to be
quivalent within the bounds of data uncertainty for both the dry-
ng test and the VE, although the pressure-based method showed
igniﬁcantly higher sensitivity to the assumptions regarding the
adial distribution of water vapour in the tunnel.
When modelling the tunnel itself, “abstracted” methods,
hereby only the water vapour component of the tunnel system
as modelled using a priori assumptions on the movement of air,
ere shown to be remarkably effective in allowing the full tunnel
nd HM porous media system to be modelled as a single entity. In
he case of the VE, this enabled the true experimental boundary
onditions of the model to be reﬂected in the analysis.
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